cease proliferation, eventually filling the seminiferous tubules. Expression profiling at P1 and P2 in Dmrt1 mutant testes indicates defects in several important testicular signaling pathways (Gdnf, retinoic acid, TGF ␤ , FSH), and detects elevated expression of the pluripotency marker Stella/Dppa3/Pgc7 , providing insight into the molecular basis of Dmrt1 testis defects. This work also identifies a number of new candidate testicular regulators for further investigation. Copyright © 2007 S. Karger AG, Basel Gonadal development in mammals is initiated during embryogenesis and culminates after puberty in each sex with the formation of fully differentiated organs dedicated to the production of gametes and sex hormones. In the mouse, gonadal development begins around 9.5 days post-coitus (E9.5) when the urogenital ridge or bipotential gonad forms from a thickening of the coelomic epithelium and then is colonized by primordial germ cells (PGCs) that migrate from the dorsal mesentery (for a recent review of embryonic gonadogenesis, see Brennan and Capel, 2004) . Shortly after the bipotential gonad is formed, sex determination and sexual differentiation begin, with Sry expression detectable by about E10.5 and the first morphological differences between testis and ovary apparent by about E12.0. During embryogenesis germ cell and somatic cell sex is determined, the primary somatic cell types are specified, and the basic anatomy of
the gonad is established by morphological changes including the formation of testis cords in the male gonad and follicles in the female gonad.
The basic gonad formed in the embryo further differentiates postnatally in preparation for gametogenesis. In males, the events of the first postnatal week include a radial migration of gonocytes from the central position in the seminiferous tubule that they occupy in the embryo outward to the periphery (Nagano et al., 2000) . In this position they can make close contact with the surrounding basement membrane and with neighboring Sertoli cells, and they form a stem cell population capable of supporting sustained gametogenesis. During this period the gonocytes also undergo a brief period of mitotic proliferation and differentiate into spermatogonia, which begin to produce meiotic cells, starting in the first few postnatal days (Ogawa et al., 2005) . During early postnatal development Sertoli cells begin to differentiate into mature polarized cells whose basal surface is in close apposition with the basement membrane surrounding each tubule (Mruk and Cheng, 2004) . The mature Sertoli cells also form a network of tight junctions comprising the blood/testis barrier.
Substantial progress has been made in recent years identifying genes required for each step of gonadal development, including formation of the bipotential gonad, sex determination, differentiation and signaling between cell types, and some aspects of postnatal differentiation (Brennan and Capel, 2004) . Among these events, comparatively little is known regarding the genetic control of early postnatal testis differentiation. As described above, this period is critical for testis development, as it is the time during which the germ line stem cell population is established, supporting cells are positioned and differentiated, and the stage is set for sustained sperm production.
One gene required for early postnatal testis development is Dmrt1 , which encodes a protein with a DM domain, a DNA binding motif first identified in the Drosophila sexual regulator Doublesex and the C. elegans sexual regulator MAB-3 (Erdman and Burtis, 1993; Raymond et al., 1998) . In general, regulators of sexual differentiation have been poorly conserved between distantly related groups of animals, but the DM domain family proteins are an apparent exception. DSX and MAB-3 not only share a structurally unique DNA binding motif (Raymond et al., 1998; Zhu et al., 2000) but also control multiple aspects of sexual differentiation (Baker and Ridge, 1980; Shen and Hodgkin, 1988) . Because some of their functions are analogous, it appears likely that these genes arose from more ancient DM domain sexual regulators (Yi and Zarkower, 1999; Zarkower, 2001; Hodgkin, 2002) .
Dmrt1 appears likely to regulate sexual differentiation in most or perhaps all vertebrates. In humans, DMRT1 is expressed only in the testis and maps to 9p24.3 (Raymond et al., 1998 (Raymond et al., , 1999b , within a region deleted in patients with XY gonadal dysgenesis (Crocker et al., 1988; Ogata et al., 1997; Ion et al., 1998) . In birds, which have ZZ/ZW sex determination, DMRT1 is Z-linked (Nanda et al., 1999) , is expressed at higher levels in ZZ than ZW genital ridges during and after sex determination (Raymond et al., 1999a; Smith et al., 1999) , and may be subject to regulation by a sex-specific non-coding RNA (Teranishi et al., 2001) . In reptiles with temperature-dependent sex determination, Dmrt1 mRNA expression has been shown to be elevated at the time of sex determination in genital ridges from embryos incubated at male-promoting temperatures (Smith et al., 1999; Kettlewell et al., 2000) . Similarly, Dmrt1 is expressed early and male-specifically in the developing gonads of a variety of fish species (e.g., Marchand et al., 2000) .
Correlative studies such as those just described strongly suggest a widespread role for Dmrt1 homologs in vertebrate sex determination and/or gonadal differentiation. Functional data exist only in two species, a mammal and a fish, but confirm the importance of Dmrt1 in the testicular development. In the mouse, mutation of Dmrt1 severely disrupts postnatal testis differentiation . In the medaka fish, a recent duplication of Dmrt1 gave rise to the DMY / Dmrt1bY gene (Nanda et al., 2002; Volff et al., 2003) . The chromosome containing this gene serves as a neo-Y chromosome, and spontaneous mutations in the gene result in male-tofemale sex reversal (Matsuda et al., 2002) . From the available data, it is clear that Dmrt1 is a critical regulator of testis development whose involvement in male gonad development predates the rise of the vertebrates and has been retained as new sex-determining mechanisms have arisen.
We showed previously that Dmrt1 null mutant mice have defects in postnatal testis differentiation including failure of radial gonocyte movement, death of germ cells, and abnormal Sertoli cell differentiation and proliferation, and that the mutant testes ultimately undergo severe degeneration of cord structure and cellular organization . To gain insight into the molecular basis of the Dmrt1 mutant phenotype, we have performed a more detailed analysis of the early postnatal defects in Dmrt1 mutant testes in tandem with expression profiling comparing mRNAs in wild type versus Dmrt1 mutant testes. Expression profiling at P1 and P2 identifies 56 mRNAs with elevated expression and 37 with reduced expression in the Dmrt1 mutant gonad. Loss of Dmrt1 affects mRNAs of both Sertoli cells and germ cells. The abnormal expression of these mRNAs indicates defects in several signaling pathways and in differentiation programs likely to underlie the Dmrt1 mutant phenotype.
Materials and Methods

Germ Cell Radial Movement
Testes were collected from wild type and Dmrt1 -/-littermates on the day of birth (P0) through P5, fixed in Bouin's fix, followed by dehydration and paraffin embedding, and 7-m sections were cut and stained with hematoxylin and eosin using standard methods. Germ cells were identified by morphology at these early stages. For each animal, peripheral and central germ cells were counted in 200 seminiferous tubules cut at 90 degrees to the axis of the tubule.
cRNA Preparation and Array Hybridization P1 and P2 wild type and Dmrt1 -/-testes were harvested and dissected from epididymis and fat in RNAlater reagent (Ambion). All animals were of mixed background, primarily 129/SvEv and C57BL/6J. For each sample, 5 testis pairs, wild type or Dmrt1 -/-, were pooled and total RNA extracted using Trizol reagent (Invitrogen). RNA was further purified using RNeasy (Qiagen). Double-stranded cDNA was synthesized using the SuperScriptII Reverse Transcription System (Invitrogen). Five to 10 g of total RNA and 0.34 M T7-oligo(dT) primer were used for first strand cDNA synthesis. Double-stranded cDNA was purified with GeneChip Sample Cleanup Module (Affymetrix) and transcribed to cRNA using GeneChip IVT Labeling Kit (Affymetrix). Biotinylated cRNA was purified with GeneChip Sample Cleanup Module (Affymetrix) and evaluated by A 260 :A 280 . cRNA was fragmented with Fragmentation Buffer (Affymetrix) and hybridized to MGU74Av2 arrays by the University of Minnesota Affymetrix core facility. Four independent arrays were hybridized to pools of wild type and Dmrt1 -/-cRNA at P1 and P2. CEL (cell intensity) files were used for analysis using the GeneData Expressionist Suite, with quality control implemented using Affymetrix controls. CEL files passing quality guidelines were normalized by Expressionist Refiner reference chip normalization and used to assess and rate the quality of each chip, and to determine outliers. Microarray expression results were visualized using Expressionist Analyst. Summary statistics were applied including histograms, boxplots and principal components analysis. Gene Selection criteria included Genedata Expressionist T-test and fold changes. Fold-change results were based on the ratio of the mean log 2 of each group. Genes with low absolute expression values were not excluded from the analysis.
Real Time RT-PCR
LightCycler-RNA Amplification Kit SYBR Green I kit (Roche Applied Sciences) was used with the Roche LightCycler 2.0 machine. Melting temperatures for each gene specific product were determined using RNA extracted from 10-week-old testes in a standard RNA amplification reaction mix ( table 1 ) . RNA was reverse-transcribed at 42 ° C for 30 min followed by 35 cycles of PCR amplification. PCR conditions were 95 ° C for 15 s, 20 s at primer T m , and 15 s at 72 ° C.
Immunofluorescence and Histology
Testes were fixed either in fresh Ste. Marie's fix (99: 1 95% ethanol:glacial acetic acid) ( ␣ -occludin) for 1 h or overnight in either Bouins fix ( ␣ -Gcna1, ␣ -Sma) or 4% paraformaldehyde at 4 ° C prior to dehydration and paraffin embedding, depending on the 
Imaging
A Bio-Rad Laser Sharp 3.1 system with Kalman collection and 6 passes per Z-step was used to collect images for all figures except figure 5 and figure 6 G-I, which used a conventional epifluorescence microscope. Collected confocal images were processed with Confocal Assistant 4.02 and single representative Z sections are shown.
Genotyping
Tail DNA was digested in 500 l of TENS (50 mM Tris-Cl pH 8, 1 mM EDTA, 20 mM NaCl and 1% SDS) buffer with 192 g/ml PCR Grade Proteinase K (Roche) at 50 ° C overnight with rotation. Proteinase K was inactivated at 90 ° C for 30 min and DNA was diluted 1: 100 prior to PCR. Genotyping primers are indicated in table 2 .
Results
Postnatal Germ Cell Migration
Shortly after birth, gonocytes migrate from the center to the periphery of the seminiferous tubules, establishing close contact with the basement membrane and neighboring pre-Sertoli cells. This translocation is thought to be important for differentiation of gonocytes into spermatogonia, and is presumed to allow these cells to enter a stem cell niche supportive of spermatogenesis (Ogawa et al., 2005) . We found previously that at P7, when wild type germ cells have migrated and are closely juxtaposed with the basement membrane, most Dmrt1 mutant germ cells are still found in the middle of the seminiferous tubules . To determine when this defect first becomes evident, we compared the location of gonocytes in wild type versus Dmrt1 -/-testes each day from birth to P5 ( fig. 1 A) . At P0 about 10% of germ cells are located at the periphery of the seminiferous tubules of both wild type and Dmrt1 -/-testes ( fig. 1 A) and by P1 this increases to about 25% ( fig. 1 A-C) . At P2 there is a clear difference, with about 75% of wild type gonocytes located peripherally ( fig. 1 A, D) , whereas the majority of Dmrt1 -/-gonocytes remain central ( fig. 1 A, E). By P5 the translocation is essentially complete in wild type, with more than 90% of the gonocytes located at the periphery, but in Dmrt1 -/-testes little or no additional translocation occurs ( fig. 1 A) .
Germ Cell Mitosis, Differentiation, and Meiosis
In addition to their radial movement, gonocytes reinitiate mitotic proliferation, differentiate into spermatogonia, and begin to enter meiosis shortly after birth (Vergouwen et al., 1991; Nagano et al., 2000) . Previous analysis of Dmrt1 -/-germ cells showed that they are absent by about P14 , but it was unclear whether they initiated any appropriate differentiation prior to their death. We therefore examined markers of mitotic proliferation, differentiation, and meiosis in Dmrt1 mutant testes and found that these processes are abnormal.
Staining for the mitotic metaphase marker phosphohistone 3 (P-H3) (Hans and Dimitrov, 2001) fig. 2 B) . We also examined Dmrt1 -/-testes at P2, P3, P4 and P6, and confirmed that while a low level of postnatal mitosis occurs, there is no period of elevated mitosis corresponding to that in wild type (data not shown). In principle the deficit in gonocyte mitosis might be a secondary consequence of the defect in radial movement, if localization to the basement membrane is a prerequisite for mitotic reinitiation. We cannot fully exclude this possibility, although previous studies have found that mitotic reinitiation and translocation of gonocytes can occur independently (McGuinness and Orth, 1992; Nagano et al., 2000) . Thus the deficits in gonocyte migration and mitosis in the mutant may be, at least in part, separate defects.
To determine whether Dmrt1 -/-germ cells initiate spermatogonial differentiation or meiosis, we used a phosphorylated H2AX ( ␥ -H2AX) antibody, examining stages from P1 to P7. ␥ -H2AX is present in intermediate and B spermatogonia, as well as preleptotene to zygotene spermatocytes, and thus it serves as a sensitive marker for germ cell differentiation beyond the gonocyte stage (Hamer et al., 2003) . In wild type we observed a sharp increase in ␥ -H2AX positive germ cells between P4 and P7; in Dmrt1 -/-, by contrast, occasional germ cells express ␥ -H2AX, but there were much fewer than in wild type ( fig. 2 C-F and data not shown). Because ␥ -H2AX also is associated with double-strand DNA breaks in apoptotic cells (Hamer et al., 2003) , the ␥ -H2AX positive germ cells observed in Dmrt1 -/-testes may be apoptotic rather than differentiating. Consistent with this possibility, some of these cells had nuclear morphology characteristic of apoptosis ( fig. 2 F) . Regardless, Dmrt1 -/-germ cells clearly do not progress beyond the gonocyte stage in significant numbers.
From the data presented so far we conclude that Dmrt1 mutant germ cells are deficient for hallmarks of normal postnatal gonocyte development, including migration to the periphery of the seminiferous tubule, elevated postnatal mitosis, and differentiation into spermatogonia and spermatocytes. This suggests that these cells may be developmentally arrested and may more closely resemble embryonic than postnatal germ cells, as discussed further below. The death of Dmrt1 mutant germ cells may be a consequence of their failure to occupy the spermatogonial niche during a critical period. 
Elevated Sertoli Cell Proliferation in Dmrt1
-/-Testis Sertoli cell numbers are tightly regulated during testicular differentiation, and the number of Sertoli cells is an important factor for fertility (Orth et al., 1988; Petersen and Soder, 2006) . In wild type mice, Sertoli cells cease proliferation by about P15 and undergo maturation (Sharpe et al., 2003; Walker, 2003) . We observed previously that Dmrt1 mutants appear to contain elevated numbers of Sertoli cells from about P14 onward and these appear immature, based on morphology and expression of Gata4 and Gata1 . We therefore compared Sertoli cell numbers in wild type and mutant testes from P2 to P20. Because the cross-sectional area of wild type and mutant seminiferous tubules is similar during this period, we counted the number of Sertoli cells per tubule cross-section at each stage ( fig. 3 ). The density of Sertoli cells in wild type and Dmrt1 -/-seminiferous tubules remains constant from P2 to P7, and by P10 there is a 25% increase in wild type and a 50% increase in Dmrt1 -/-. Between P10 and P20 the number of Sertoli cells decreases slightly in wild type but continues to increase in Dmrt1 -/-, such that by P20 there are nearly three times more Sertoli cells in Dmrt1 -/-seminiferous tubules than in wild type tubules. These surplus Sertoli cells might result either from excessive proliferation or from reduced apoptosis. However, TUNEL labeling and histological examination revealed no significant difference in apoptosis between mutant and wild type Sertoli cells (not shown). It appears, therefore, that postnatal Sertoli cell proliferation initiates normally in Dmrt1 mutant testes but does not cease normally, possibly due to a developmental block. -/-germ cells fail to undergo normal postnatal mitosis and differentiation. A , B Staining with antibody against the mitotic marker P-H3. A P7 wild type, B P7 Dmrt1 -/-. C-F Staining with antibody against the spermatogonial and meiotic marker ␥ -H2AX. C P7 wild type, D P7 Dmrt1 -/-, E P7 wild type at higher magnification, F P7 Dmrt1 -/-at higher magnification showing likely apoptotic nuclear morphology in the few cells expressing ␥ -H2AX. 
Expression Profiling and Validation
From the phenotypic analysis described above it is clear that Dmrt1 mutant testes have multiple defects in postnatal differentiation, beginning at or before P2. Dmrt1 is a putative transcriptional regulator, so to identify mRNAs controlled either directly or indirectly by Dmrt1, we profiled mRNAs in wild type versus Dmrt1 -/-testes using Affymetrix oligonucleotide microarrays. To focus on the earliest expression defects, we examined testes at P1, just before the gonocyte migration defect in Dmrt1 -/-becomes evident, and at P2, when this phenotype is clearly apparent ( fig. 1 A) .
We performed 4 independent comparisons of wild type versus Dmrt1 -/-testes at each developmental stage. To minimize expression differences between individuals, each sample contained mRNA from 5 testis pairs. Statistical analysis (see Materials and Methods) identified 64 genes whose expression was reduced by 2-fold or more in mutant testes at P1 or P2 and 54 with expression elevated by 2-fold or more ( tables 3 and 4 ; complete array data are in Supplementary Materials, tables S1 and S2, www.karger.com/doi/1159/000096238). As expected, Dmrt1 mRNA was strongly reduced in the mutant gonads (17-fold at both stages).
To validate the microarray results we analyzed expression of 8 genes by quantitative RT-PCR ( table 1 ) . We chose genes with microarray expression differences in the mutant of at least 2-fold at both P1 and P2. All 6 genes with reduced expression by microarray analysis also had reduced expression by RT-PCR ( fig. 4 A) , and both genes with increased expression by microarray analysis also had increased expression by RT-PCR ( fig. 4 B) . In most cases the magnitude of expression change determined by RT-PCR was similar to or higher than that measured by microarray hybridization. From these results we conclude that the microarray data are likely to accurately identify genes with expression differences, but may underestimate the magnitude of the expression difference for some genes.
Some of the mRNAs identified are likely to be regulated directly and others indirectly by Dmrt1. Dmrt1, like MAB-3 and DSX M , can function as a transcriptional repressor (M.M., unpublished results), and thus the mRNAs with elevated expression in Dmrt1 mutants are particularly good candidates to be directly regulated. However, more mRNAs show reduced expression, indicating either that they are regulated indirectly or that Dmrt1 also can activate transcription. As a simple test, we made transcriptional reporters, fusing conserved promoter regions of 4 genes to luciferase, and tested whether a fusion protein of Dmrt1 to the VP16 activation domain could activate the reporters in transfected cells. None of the promoters tested ( occludin , Stella/Dppa3/Pgc7 , Hoxa1 , and Nkx3.1 ; data not shown) were activated, indicating either that these are not direct targets or that the Dmrt1 response elements were not present in the 500 to 1,500 bp of upstream sequence tested. Other approaches such as ChIP on chip will be needed to identify the direct targets, and these are under way.
Among the genes we identified by expression profiling are a number of known regulators of testicular development. These include the transcriptional regulator Dax1 (Swain et al., 1996; Bouma et al., 2005) and signaling components that implicate several pathways (Gdnf, FSH, TGF ␤ , retinoic acid, and others; see Discussion). We also identified a variety of genes of unknown function that will merit future investigation. Overall, the array data are consistent with the histological data in indicating a broad variety of defects in postnatal testis differentiation. In the following sections we describe expression differences with possible relevance to the germ cell and Sertoli cell defects we observed.
Gonocyte Defects
The PGC marker Stella/Pgc7/Dppa3 (Saitou et al., 2002; Sato et al., 2002; Bowles et al., 2003; Bortvin et al., 2004 ) is overexpressed in Dmrt1 mutant testes at both P1 (4-fold) and P2 (17-fold). Stella normally is downregulated in the testis between E16.5 and P1 , so the failure to downregulate this gene in Dmrt1 mutants might reflect a block in germ cell differentiation. This would be consistent with the failure of mutant germ cells to undergo the normal postnatal events. We reasoned that if elevated Stella/Pgc7/Dppa3 is responsible for a block in gonocyte development, reducing its level might relieve the block. To test this idea we generated Dmrt1; Stella double mutants. However, the germ cell phenotype of the double mutants closely resembled that of Dmrt1 single mutants ( fig. 5 ), indicating that elevated Stella/ Pgc7/Dppa3 expression alone cannot be responsible for the apparent developmental arrest. Indeed, other germ cell mRNAs that should show reduced expression after birth are overexpressed in the mutant germ cells, including the PGC marker nanog (Yamaguchi et al., 2005) (1.5-fold at P1 and 2-fold at P2) and CfI (Shima et al., 2004) (16-fold at P1 and 11-fold at P2).
Another indication that the PGC to gonocyte transition may be incomplete is reduced expression of Nkx3.1 mRNA. Nkx3.1 is a homeobox protein expressed predominantly in prostate and testis, and its mRNA was reduced in Dmrt1 -/-by 5-fold at P1 and 3.5-fold at P2. Table 3 . Genes with at least 2-fold decreased expression in Dmrt1 -/-testis at P1 or P2
Microarrays detect Nkx3.1 mRNA predominantly during the first 14 days of postnatal development, and type A spermatogonia were the highest expressing adult testis cell type assayed (Shima et al., 2004 Affymetrix probe set IDs are for the MGU74Av2 chip. P1 and P2 wild type (WT) and Dmrt1 knockout (KO) values are the average of 4 independent sample preparations and hybridizations. Fold changes and t test p values were calculated using Genedata Expressionist Software. Genes with at least a 2-fold change in expression from WT and a t test of 0.01 or less are shown. The complete data set is provided online as Supplementary Tables S1 and S2, www.karger.com/doi/10.1159/000096238. Table 4 . Genes with at least 2-fold increased expression in Dmrt1 -/-testis at P1 or P2
clude that Nkx3.1 may contribute to the Dmrt1 mutant phenotype in concert with other misregulated genes, but it is not strongly required for testis development or function. Instead it is possible that the impaired prostate development in Nkx3.1 mutants (Bhatia-Gaur et al., 1999) may account for their reduced fertility. Matrix metalloproteases have been implicated in a variety of cell migrations, and the family member Mmp9 showed reduced expression in Dmrt1 mutant testes. Mmp9 has been shown to process Kit ligand, allowing recruitment of hematopoietic stem cells to a proliferative niche (Heissig et al., 2002) . We reasoned that Mmp9 might play a similar role in recruitment of gonocytes to the spermatogenic niche, and that lack of Mmp9 might be responsible for the inability of germ cells to migrate radially in Dmrt1 mutants. To test this idea we exam- Data is as described in Table 3 . The complete data set is provided online as supplementary Tables S1 and S2, www.karger.com/ doi/10.1159/000096238. 
Sertoli Cell Tight Junction Formation
The most strongly reduced mRNA in Dmrt1 mutant testes at P2 is that of occludin , which encodes an integral membrane component of tight junctions (Cyr et al., 1999; Schneeberger and Lynch, 2004) . Tight junction formation is a key event in Sertoli cell maturation, and tight junctions have been proposed to serve a variety of functions. These include helping to polarize the Sertoli Staining with antibody to germ cell marker Gcna (red) and antibody to the peritubular myoid cell marker smooth muscle actin (Sma; green). A Dmrt1 mutant testis at P10. B Dmrt1;Stella double mutant testis at P10. cell, establishing the blood-testis barrier, and regulating cell signaling (reviewed in Cheng and Mruk, 2002) . We examined occludin expression and organization in Dmrt1 -/-testes starting at P2 and extending through the period during which tight junctions normally form ( fig. 6 ). In wild type testes at P2, occludin protein is mostly detected in Sertoli cell and gonocyte cytoplasm. Expression in Dmrt1 -/-seminiferous tubules is similar but reduced, consistent with our microarray and RT-PCR data. At P14 tight junctions are apparent in wild type ( fig. 6 C) . However, while diffuse staining and small puncta of occludin were present in mutant testes, there was no organization into higher order structures resembling those of wild type ( fig. 6 D) . By P20, tight junctions were fully formed in wild type, whereas no occludin was detectable in Dmrt1 -/-testes ( fig. 6 E, F) . Dmrt1 mutant testes lose germ cells at the time when tight junctions should form. To test whether lack of germ cells might cause the junctional defect, we examined occludin expression in c-kit W/Wv mutant testes, which lack germ cells ( fig. 6 G-I). We found that junctions containing occludin formed normally in these mutants, indicating that the lack of occludin-containing junctions in Dmrt1 mutants is likely a Sertoli cell-autonomous defect.
Tight junctions can form in the absence of occludin (Saitou et al., 2000) . To determine whether tight junctions lacking occludin can form in Dmrt1 mutant testes, we examined 2 other proteins, the tight junction associated protein ZO-1 (Byers et al., 1991; Yan and Cheng, 2005) , and the integral membrane protein claudin-11, which is crucial for testis tight junction formation (Gow et al., 1999; Bronstein et al., 2000) . ZO-1 protein was localized to tight junctions in wild type by P14 ( fig. 7 A, C, E). In Dmrt1 -/-testes, aggregated ZO-1 protein was detectable and the expression level was similar to that of wild type, but it was not organized into continuous tight junctions near the tubule periphery like those of wild type. Instead the aggregates were concentrated mainly in the center of the tubules ( fig. 7 B, D, F) . The ZO-1 aggregates may be Sertoli/Sertoli adherens junctions, another structure in which ZO-1 is found (Byers et al., 1991; Schneeberger and Lynch, 2004) or may be incomplete tight junctions. Expression of claudin-11 also indicated a -/-in right column). ZO-1 staining is diffuse at P2 in wild type and Dmrt1 -/-seminiferous tubules. At P14 and P20, ZO-1 is localized to tight junctions in WT. In Dmrt1 -/-seminiferous tubules at this stage, ZO-1 is present in aggregates, but these are mainly in the center of the tubules, rather than near the periphery. G , H Staining with antibody to junctional protein Claudin-11. failure of tight junction formation: at P14 claudin-11 was localized to tight junctions in wild type, but no such localization was detectable in Dmrt1 -/-testes ( fig. 7 G versus H). Together these data indicate that Dmrt1 mutant testes fail to form Sertoli cell tight junctions, possibly as a consequence of a developmental arrest like that we propose for the germ cells. Failure to induce expression of tight junction components may be one factor contributing to the failure of Sertoli cell polarization in Dmrt1 mutants.
Discussion
Here we have extended earlier studies of Dmrt1 in the mouse using more detailed phenotypic analysis paired with mRNA expression profiling in Dmrt1 mutant testes. We find that phenotypic defects in Dmrt1 mutants include gonocyte migration, gonocyte proliferation, meiotic initiation, Sertoli cell proliferation, and Sertoli cell differentiation, and that these start to become apparent within 2 days after birth. Expression profiling identified ϳ 120 mRNAs whose expression is significantly reduced or elevated at P1 or P2, providing a suite of candidate effectors of Dmrt1 function for further investigation.
Among the proteins implicated by these studies are components of several important testicular signaling pathways, markers of pluripotent germ cells, Sertoli cell junctional proteins, and class II MHC proteins, as well as a number of proteins whose significance is not yet clear. Some of the expression changes in the mutant testis are likely to be indirect consequences of the arrested developmental progression caused by loss of Dmrt1 , while others may more directly indicate defects in processes controlled by Dmrt1 , as discussed below.
Signaling Pathway Abnormalities
Abnormal expression of genes involved in several testicular signaling pathways may contribute to the observed defects in Dmrt1 -/-germ cells. In particular, signaling by Glial cell line-derived neurotrophic factor (Gdnf) is likely to be compromised. Expression of both Gdnf co-receptors, Ret and Gfra1 , was reduced at P1 and P2. Gdnf activity is critical for maintenance of germ line stem cells: heterozygosity of Gdnf leads to depletion of stem cells, while over-expression in transgenic animals causes accumulation of undifferentiated spermatogonia (Meng et al., 2000; Tadokoro et al., 2002) . FSH receptor mRNA also was under-expressed. This may have similar phenotypic consequences, as FSH signaling has been implicated in increasing Gdnf expression (Tadokoro et al., 2002) .
We also identified two potential defects in retinoic acid signaling: CrabpII mRNA, which encodes a retinoic acid binding protein, was elevated in Dmrt1 -/-testis, while retinoic acid receptor-␣ mRNA was reduced. The likely consequence of these changes for retinoic acid signaling is unclear, as they are predicted to have opposite effects. CrabpII can interact with RAR/RXR heterodimers and act as a transcriptional coactivator (Delva et al., 1999; Dong et al., 1999) , and this might potentially increase the strength of retinoic acid signaling. However, reduced RAR ␣ might compromise this effect. Retinoic acid signaling triggers meiotic entry in both sexes, and sexual dimorphism in meiotic entry is due to male-specific inhibition of this process in the embryo (Bowles et al., 2006; Koubova et al., 2006) . Aberrant expression of RAR ␣ and CrabpII may contribute to the complete failure to enter meiosis in Dmrt1 mutant testes, either by reducing the meiotic entry signal or by providing an elevated signal at an inappropriate time.
Expression profiling also may implicate two other signaling pathways. We detected reduced expression of Ltb4dh , a Sertoli cell specific prostaglandin catabolic enzyme (Tai et al., 2002; Shima et al., 2004) , suggesting a possible defect in prostaglandin or other eicosinoid signaling. We also detected elevated expression of tachykinin 2 , which encodes a secreted peptide thought to modulate Leydig and Sertoli cell function (Debeljuk et al., 2003) .
Arrested Development of Dmrt1 Mutant Cells
Some of the mRNA expression changes we observed in Dmrt1 mutant testes are consistent with a developmental arrest involving germ cells and Sertoli cells, and this is consistent with our histological analysis of the mutant phenotype. Among the mRNAs detected was the germ cell pluripotency marker Stella/Dppa3/Pgc7 . In addition to suggesting a block in the progression of gonocyte differentiation, this suggests the possibility that Dmrt1 mutant germ cells may retain inappropriate pluripotent potential. Indeed, we have found, in work to be described elsewhere, that Dmrt1 loss of function can result in testicular teratoma formation (T. Krentz, S. Kim, V.B. and D.Z., unpublished).
As described earlier, we genetically tested the potential contributions of several of the misregulated genes ( Dppa3 , Nkx3.1 , Mmp9 ) to the Dmrt1 mutant phenotype, but did not observe any significant defects. Their lack of individual phenotypes excludes these genes as being individually required for aspects of testis development controlled by Dmrt1 . It is likely that some features of the Dmrt1 phenotype result from the combined misregulation of multiple genes, possibly including those we tested individually.
MHC Class II Gene Overexpression
Dmrt1 mutant testes had increased expression of several MHC type II mRNAs as well as invariant chain mRNA, which encode proteins involved in antigen presentation. This suggests either elevated numbers or abnormal activation of antigen presenting cells such as macrophages. Sertoli cells are thought to play a role in suppression of testicular macrophages, helping to direct them to produce anti-inflammatory cytokines and promote testicular function (Hedger, 2002) . The elevated expression of mRNAs involved in antigen presentation may represent a failure of Sertoli cells to prevent macrophage activation. Consistent with such a model, we detected reduced expression of two potential inhibitors of macrophage activation, Tgf ␤ 1 and Mic1 (Fairlie et al., 1999) and increased expression of the TGF ␤ 1 antagonist alpha2 macroglobulin (Arandjelovic et al., 2003) . The normal functions of testicular macrophages are poorly understood, but may include stimulation of Leydig cell steroidogenesis (Hedger, 1997) . A defect in macrophage function might therefore lead to Leydig cell misfunction, and indeed we have observed that Dmrt1 mutant males are incompletely virilized (J. Balciuniene, unpublished data).
Conclusion
Dmrt1 mutant testes have a number of defects in early postnatal differentiation, involving multiple cell types, and we identified a variety of misexpressed mRNAs in the mutant testis during this period. Taken together, the phenotypic and molecular data reported here suggest that Dmrt1 plays an important role in coordinating the transition from embryonic to postnatal testicular differentiation. Many of the misexpressed genes we identified clearly fall into known pathways or processes and provide insight into the etiology of testicular dysgenesis in the mutant testis. The relevance of others is less obvious, but these mRNAs, which encode a wide range of proteins, should provide useful entry points to better understand testicular differentiation.
